Members of the genus Termitaria are entomogenous exoparasitic deuteromycetes growing on the exoskeleton of various species of termites. Distinguished by sporodochial surface color, three types of Termitaria were found from six termite species of four genera from various localities in Japan: Black-type, White-type and Intermediate-type. Molecular phylogenetic analysis focusing on the genetic lineage of Termitaria, using sequences of the nucleotide 18S rRNA gene, suggested that these three types were actually different species. The resultant phylogenetic tree of Termitaria did not show any contradiction to the topology known in the host phylogeny. This suggests that there is a parallel cladogenesis between the hosts and fungi, and that there has been scarcely any detectable horizontal transmission of fungi between the host species. The only exception was found in Yakushima Is., where Black-type may have changed its host from Hodotermopsis japonica to Reticulitermes speratus.
INTRODUCTION
The bodies of social insects are an appropriate habitat for the associated microorganism as the social insects construct autonomous colonies and carry out close interactions among individuals of the same colony. Termites are social insects, and are associated with a variety of microorganisms. For example, more than 20 species of fungi infest the exoskeleton of termites (Blackwell and Rossi, 1986) . The social behavior (inter-individual behavioral actions, including grooming or food sharing) may facilitate the transmission of the fungi, and the closed and high humid environments such as a subterranean colony are beneficial to the growth and survival of fungi (Kramm et al., 1982; Blackwell and Rossi, 1986; Myles et al., 1998) . Termitaria is the most well-known genus among termite exoparasitic fungi, and it makes conspicuous lesions on the host's exoskeleton that can easily be detected by the naked human eye (Blackwell and Rossi, 1986) .
The genus Termitaria was first established as a termite-associated fungus by Thaxter (1920) . He defined this genus as an entomogenous exoparasitic deuteromycete growing on the exoskeleton of various species of termites. Many other workers reported a number of the features and tissue development of Termitaria (Reichensperger, 1923; Feytaud and Dieuzeide, 1927; Tate, 1927 Tate, , 1928 Colla, 1929; Sands, 1969; Aldrich, 1973, 1975; Khan and Kimbrough, 1974a, b; Kimbrough and Lenz, 1982) . Termitaria tends to cause negative effects on hosts, such as, reduced survivorship, vigor and wood consumption, and causes malformation of the body parts (Colla, 1929; Khan and Kimbrough, 1974b; Lenz and Kimbrough, 1982) .
Termitaria are currently classified into five valid species based mainly on the structure of the phialides (Thaxter, 1920; Kimbrough and Lenz, 1982) . It is, however, difficult to identify them only by means of morphological microstructure, because the phialide of Termitaria is too minute to microscopically observe (the width of a phialide is approximately 5 mm in diameter; Kimbrough and Lenz, 1982) . The genus Termitaria belongs to Deuteromycetes, and the phylogenetic position of Termitaria has not yet been established (Tate, 1927 (Tate, , 1928 Khan and Kimbrough, 1974a, b; Kimbrough and Lenz, 1982) . Host specificity of Termitaria is also poorly understood, though various termite species have been reported as host insects (Blackwell and Kimbrough, 1978; Blackwell and Rossi, 1986; Hojo et al., 2001) .
In Japan, two types of Termitaria with sporodochial surface color have been reported (Hojo et al., 2001) . One is Black-type which has a black color throughout the surface of the sporodochium and irregular shapes, and the other is White-type which has a black rim and white internal field of sporodochium and orbicular appearance. Black-type was found on Hodotermopsis japonica and Reticulitermes speratus from Yakushima Is. (Kagoshima Pref.), while Whitetype was found on Coptotermes formosanus and Reticulitermes spp. from various sites (Hojo et al., 2001) . In addition to the above two types, we have identified another type of fungi from another termite host.
In this study, we first searched termites infected with Termitaria from various localities and different types of Termitaria in Japan. Next, we sequenced the nuclear 18S rRNA gene to infer the relationships among the different types of Japanese Termitaria from various localities. Based on the phylogenetic relationships, we discussed the distribution and host specificity of Termitaria.
MATERIALS AND METHODS
Source of fungal isolates. We used infected termites from the same colony used by Hojo et al. (2001) , and newly found materials from another host genus (Nasutitermes) and from other sites, which were collected between February and September, 2001 . The termite samples used in this study are listed in Table 1 . Termitaria sp. infesting Nasutitermes takasagoensis from Iriomotejima Is. have features of intermediate color and shape of sporodochial surface between Black-type and White-type. It has a black and thickened rim and a brownish internal field of sporodochium and an elliptical appearance. We herein called it "Intermediate-type" (Fig. 1) . The lesion of Termitaria was separated from the host's exoskeleton under an optical microscope.
Sequencing 18S rRNA genes. The fungal DNAs were extracted using DNeasy Tissue Kit (QIAGEN). The 18S rRNA genes were amplified using a polymerase chain reaction. The primers used in this study were designed to amplify approximately the initial one-third of the entire length of the fungal 18S rRNA gene. The primer sequences were forward, 18S1f: 5Ј-TGT AGT CAT ATG CTT GTC TCA A-3Ј, and reverse, 18S1r: 5Ј-ATA CGC TAT TGG AGC TGG AA-3Ј. These primers were designed from conserved regions of the gene among the fungi (Katoh et al., 2002) . The reaction was performed in a GeneAmp 2400 thermal cycler (Perkin-Elmer, Norwalk, CT) under the following conditions: 35 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s and extension at 72°C for 1 min. Purified products were cloned with TA-cloning vector (pGEM-T Vector System: Promega, WI) and Escherichia coli (JM109) competent cells using ampicillin and an X-gal blue-white selection system. The insert DNA was amplified by PCR using primers T7 and SP6, and was purified using a Prep-A-Gene DNA Purification Kit (Bio Rad, Hercules, CA). The purified products were used as a template for the sequencing reaction.
The sequence reactions were performed with the dideoxy-nucleotide cycle sequencing procedure using a Dye-terminator Cycle Sequencing Kit (Perkin-Elmer). Electrophoresis and data collection were performed using an automatic DNA sequencer (Perkin-Elmer, model 373S) with a 6% polyacrylamide gel (Toyobo, Osaka; Super Reading DNA Sequence Solution). Both strands of the purified products were sequenced.
Phylogenetic analysis. Sequences were analyzed by the neighbor-joining (NJ) method (Saitou and Nei, 1987) . The alignments were conducted with the Clustal W program package version 1.5 (Thompson et al., 1994) , and then the alignments were manually corrected. The phylogenetic tree was constructed with the Clustal W program package. Genetic distance was corrected according to the substitution rate using Kimura's two-parameter methods (Kimura, 1980) . Bootstrap confidence intervals on each branching pattern were calculated from 1,000 replicates. We also used PAUP 4.0b8 (Swofford, 2000) to carry out the non-weighted parsimony (MP) analysis. Sequences were analyzed using the heuristic search option with 100 random additional replicates for each analysis. Gaps were treated as a fifth base. Relative support for different nodes was assessed using 1,000 bootstrap replicates with five random additional replicates per bootstrap replicate.
RESULTS

Termitaria samples
Three types of Termitaria were found on various hosts and localities in Japan (Table 1) . Black-type was found on H. japonica (3 infected colonies/31 Fig. 1 . Sporodochium of three types of Termitaria (arrow). A and B, Black-type which has a black color throughout the surface of sporodochium and irregular shapes. (Host species: Hodotermopsis japonica from Yakushima Is.); C and D, White-type which has a black rim and a white internal field of sporodochium and orbicular shape (Reticulitermes speratus from Fujisawa); E and F, Intermediate-type which has a brownish color throughout the surface of sporodochium with a distinct boundary line between the rim and internal field, and an ellipse shape. (Nasutitermes takasagoensis from Iriomotejima Is.). Scale barsϭ1 mm (A, B, C and E) and 0.1 mm (D and F). colonies investigated) and R. speratus (1/11) from Yakushima Is. Intermediate-type was found on N. takasagoensis (3/7) from Iriomotejima Is. only. White-type was found on Reticulitermes spp. (26/ 55) and C. formosanus (3/11) from various localities. Although Black-type and White-type were found on R. speratus from Yakushima Is., they were not found from the same colony.
Sequencing of 18S rRNA gene
PCR amplification with the primer set of 18S1f and 18S1r yielded a DNA fragment ranging from 536 to 539 bp without the primer regions. There were few variations in fragment length among the taxa used in this study, thus we could easily align these sequences. The alignment file is available from the senior author upon request.
Molecular phylogenetic analysis
Database homology search using BLASTN 2.0.11 (Altschul et al., 1997) showed that all top 50 fungi which had the highest scores in similarity belonged to the Ascomycota. Mycrosphaerella mycopappi (Loculoascomycetes; U43449) (89%) and Hesperomyces virescens (Laboulbeniomycetes; AF298233) (89%) were retrieved with the highest scores in similarity. Then, the sequences of Termitaria DNA were aligned with homologous regions of 18S rRNA genes of M. mycopappi and H. virescens. The alignment of the sequences resulted in a total of 544 bp, including gaps.
An inferred phylogenetic tree using the neighbor-joining analysis is shown in Fig. 2 . White-type fungi, which infected C. formosanus or Reticulitermes spp., formed a monophyletic group. Intermediate-type, which infected N. takasagoensis, was a sister group of the monophyletic White-type group (bootstrap value: 100%). Black-type fungi which infected R. speratus and H. japonica from Yakushima Is. were shown to be a monophyletic group (bootstrap value: 100%), and they were a sister group of the other two types of Termitaria (bootstrap value: 97%). The genetic distance between M. mycopappi and H. virescens as outgroups was 0.0993, and the genetic distances between Black-and White-type, Black-and Intermediate-574 M. Hojo et al. type and White-and Intermediate-type were 0.0918 (0.0858-0.0989: nϭ22), 0.0896 (0.0877-0.0914: nϭ2) and 0.0627 (0.0616-0.0653: nϭ11), respectively.
PAUP identified the two most parsimonious trees of 169 steps (consistency indexϭ0.893, rescaled consistency indexϭ0.793, retention indexϭ0.887). The topology of the strict consensus of these trees (tree not shown) was essentially identical to the topology of the NJ tree (Fig. 2) . All of the relationships shown in the consensus tree were supported by 60% bootstrap values (Fig. 2) .
DISCUSSION
Morphological and histological studies on Termitaria species showed that these fungi have many unique characteristics, such as firmly and closely compacted sporogenous elements, with the upper portion of each element composed of endogenous, simple and hyaline spores separated to form single rows, compared with other fungi belonging to the Ascomycota (Thaxter, 1920) . However, Termitaria should belong to Ascomycota based on the molecular characteristics (data not shown), as the previous morphological studies suggested (Tate, 1927 (Tate, , 1928 Khan and Kimbrough, 1974a, b; Kimbrough and Lenz, 1982) .
Although Black-type and White-type could be easily distinguished using surface color of the sporodochium, there were no marked differences in the histological and microstructural characters between them (Hojo et al., 2001) . Similarly, Intermediate-type showed similar characters (Hojo, unpublished data) except for the surface color of the sporodochium (Fig. 1) . Molecular characters clearly showed differences among these three types of fungi. Judging from the genetic distance, these three types of Termitaria were suggested to be different species.
The phylogenetic tree of Termitaria did not show any contradiction to the topology known in the host phylogeny as (Mastotermitidaeϩ(Hodotermitidaeϩ (Termopsidaeϩ(Kalotermitidaeϩ(Serritermitidaeϩ (RhinotermitidaeϩTermitidae)))))) (e.g. Eggleton, 2001) , except Black-type infected R. speratus from Yakushima Is. (Fig. 2) . This suggests that there is a parallel cladogenesis between the hosts and fungi.
Some termite species share habitats sympatrically, where direct contact of different termite species may contribute to a fungus' change of host. Nevertheless, we obtained a clear correspondence between host species (Reticulitermes, Coptotermes and Nasutitermes) and Termitaria lineage. For example, we found Intermediate-type only on N. takasagoensis (3 infected colonies/7 colonies investigated), while White-type was only found on C. formosanus and Reticulitermes spp. (29/66). This was probably caused by the different niches of the host species (arboreal for N. takasagoensis and subterranean for the other two species) (Abe and Watanabe, 1983) . Within White-type, furthermore, there are two distinct lineages specialized in Reticulitermes and Coptotermes respectively, even in cases where these two genera distribute sympatrically.
Almost all of the fungi found on Reticulitermes were White-types, although Black-type fungi were found for this genus in Yakushima Is. In addition, the genetic distance between Black-type infesting H. japonica and R. speratus from Yakushima Is. was small (0.0131), and their monophyletic relationship was firmly supported (Fig. 2) , suggesting that Black-type has changed its host in Yakushima Is. from H. japonica to R. speratus. In fact, both termite species are often found in the same rotten wood pieces on Yakushima Is. (Hojo and Iwata, unpublished data) . Horizontal transmission of Termitaria beyond species may thus be possible in this case. In addition, Termitaria species reported on Mastotermes darwiniensis (Mastotermitidae), which is the most basal termite species, has similar characteristics to Black-type , suggesting that Black-type is more basal than other types of Termitaria.
Infection of Termitaria has a negative influence on host termites, resulting in reduced activities and survivorship Hojo, unpublished data) . A high infection rate may destroy the host termite colonies, which may wipe out the fungus itself. Thus, for Termitaria, a low infection rate is suggested to be adaptive. In fact, the infection rates for Reticulitermes spp. were 0.3-10.0% in the United States (Khan and Kimbrough, 1974b; Blackwell, 1980) , those for M. darwiniensis were 0-1.0%, and those for Porotermes adamsoni were 0.05-8.3% in Australia . Similarly, those for R. speratus and N. takasagoensis were 0.07-2.8% (13 colonies) and 0.3-0.7% (three colonies), respectively, in Japan (Hojo, unpublished data) . The intensive grooming activity of termites may eliminate these parasitic fungi (cf. Kramm et al., 1982) . However, inter-individual behavioral actions such as grooming presumably also help to release and disperse the fungal spores into the termite colony (Kramm et al., 1982; Blackwell and Rossi, 1986; Myles et al., 1998) .
The findings of the present study suggest that Termitaria has been living in termite societies for a considerable length of time. Further studies on phylogenetic relationships between hosts and other Termitaria infected on other termite families will reveal the mechanism of the coevolution between Termitaria and termites.
